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ABSTRACT  
The protein nucleolin, functionally involved in the main steps of ribosome 
biogenesis, is codified by a single copy gene in mammals. Here we report that at 
least three different genes codify for this protein in carp fish (Cyprinus carpio). This 
is the first description of the genomic organization of nucleolin in a teleost. The carp 
nucleolin gene includes 8.8 kb and contains 16 exons. Promoter cis regulatory 
elements are similar to constitutive genes, i.e., a putative TATA box, three G/C 
boxes, and three pyrimidine-rich boxes. As in other species, carp nucleolin gene 
introns host three snoRNA codifying sequences: U23 from the H/ACA family and two 
C/D box snoRNAs, U20 and U82. Both U20 and U82 span a complementary 
sequence with carp 18S rRNA. Additionally, we identified two cDNAs coding for 
nucleolin, confirming the existence of several nucleolin genes in carp. Amino acid-
derived sequence from carp cDNAs differ from mammal protein because they span 
additional acidic domains at the amino end, whose functional significance remains 
unclear. We performed amino acid sequence comparison and phylogenetic analyses 
showing that the three isoforms of carp nucleolin, which we describe herein, cluster 
in two groups. cNUC1 probably diverges from cNUC2 and cNUC3 as result of 
ancestral fish-specific genome duplication, indeed C. carpio is a tetraploid fish.  
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INTRODUCTION  
The nucleolus and its most well known major function, ribosome biogenesis, 
constitute a highly dynamic structure-functional entity (Platani and Lamond, 2003; 
Raska et al., 2004). In addition to the components of the mature ribosome, the 
nucleolus contains many RNAs and proteins that interact transiently with non-
ribosomal constituents and at various stages of the ribosomal synthesis (Fromont-
Racine et al., 2003). Nucleolin, the most abundant non-ribosomal protein linked to 
ribosomal biogenesis, is involved in remodeling the chromatin structure, rDNA 
transcription, precursor rRNA processing, ribosomal assembly, and in the nuclear-to-
cytoplasm transport (Erard et al., 1988; Kharrat et al., 1991; Bouvet et al., 1998; 
Ginisty et al.,1998; Ginisty et al., 1999; Roger et al., 2002; Roger et al., 2003). 
Recently, this 100kDa phosphoprotein also has been associated with apoptosis 
(Otake et al., 2005; Kito et al., 2005).  
The organization of the gene encoding for nucleolin has been described only in 
mammals: humans and rodents. There is only one copy of the nucleolin gene per 
human haploid genome, which is located on chromosome 2q12-qter. The 11kb gene 
is comprised by 14 exons with 13 introns (Srivastava et al., 1990) and codes for a 
707 amino acid protein (Srivastava et al., 1989). Nucleolin exhibits a tripartite 
structural organization (Ginisty et al., 1999); the N-terminal domain contains highly 
acidic stretches interspersed with basic regions, presenting many phosphorylation 
sites; the central region includes four RNA binding domains (RBD) and the C-end, 
rich in glycine, arginine, and phenylalanine residues, called the GAR or RGG domain. 
In human nucleolin, the four acidic regions of the amino-terminal domain are coded 
by exons 2-4, the nuclear localization signal by exon 5, and each of the four RBD is 
coded by two consecutive and independent exons (exons 6 to 13) (Srivastava et al., 
1990). This genomic organization is highly conserved in rodents (Bourbon and 
Amalric, 1990). Mouse and hamster nucleolin genes span over 9kb coding for 
proteins comprised of 706 and 713 amino acids, respectively (Bourbon et al., 
1988a; Lapeyre et al., 1985). In mammals, the nucleolin gene promoter includes a 
TATA-like box, two pyrimidine-rich regions, and two CCAAT-type boxes (Bourbon et 
al., 1988b; Srivastava et al., 1990).  
The adaptive adjustments of carp fish to the seasonal cycles of habitat conditions 
(temperature, photoperiod) involve a clear modulation of gene expression, among 
other cellular and molecular changes (Alvarez et al., 2004; San Martin et al., 2004; 
Pinto et al., 2005). The most dramatic phenotypical demonstration is the 
segregation of the nucleolar components during the winter acclimatization process, 
which is reversed when the fish adapts to summer conditions (Sáez et al., 1984). In 
the carp, the molecular mechanisms that sustain the winter nucleolar rearrangement 
involve reduced ribosomal biogenesis, concurrently with a decrease in the 
expression of other nucleolar protein factors, i.e., ribosomal protein L41 and protein 
kinase CK2β (Vera et al., 2000; Alvarez et al., 2001; Molina et al., 2002). 
Previously, we reported that in winter-adapted carp, nucleolin protein content is up-
regulated (Alvarez et al., 2003), supporting the idea that nucleolin protein plays a 
primary role in repressing rRNA synthesis (Roger et al., 2002, 2003).  
In this context, nucleolin seems to have a particularly relevant role in the process of 
seasonal acclimatization in ectotherms. Thus, we deemed it important to study the 
carp nucleolin gene characterizing both its genomic organization and its cDNA 
structure. We described previously the cloning of a full-length carp nucleolin cDNA 
encoding for a 693 amino acid protein (cNUC1), which depicted a higher number of 
acidic repeats in the N-terminal region than mammal protein (Alvarez et al., 2003). 
Here, we report the characterization of the complete carp nucleolin gene 
organization and a third cDNA sequence. The introns of this gene codify for three 
small nucleolar RNAs (snoRNAs) as in other species, even though carp snoRNAs are 
localized in different introns. Because the genomic sequence we isolated (cNUC3) 
encodes for a different nucleolin protein of 637 amino acids, with only one, 
additional, highly acidic sequence at the N-terminal region, we examined different 
carp nucleolin cDNAs and identified a third, distinct, nucleolin expressing for a 643 
amino acid protein (cNUC2).  
MATERIALS AND METHODS  
Animals  
Male carp (Cyprinus carpio) were captured and maintained under summer (20-22°C) 
and winter (8-10°C) temperatures (Alvarez et al., 2003). When necessary, the 
tissues were dissected and frozen at -80°C.  
Genomic library screening  
The coding sequence of carp U23 snoRNA (GenBank Accession Number AJ009731) 
was amplified by PCR (pU23' clone) and simultaneously labeled with [a-P32] dCTP, 
using gene specific primers (U23S 5'-ttcttctcatgagctcctct-3' and U23A2 5'-
tcacatcagacatgggcatg-3') (Mertz and Rashtchian, 1994). Using this probe, a lFIX II 
Carp Genomic Library (Strategene, USA) was screened, yielding one positive clone 
(Mertz and Rashtchian, 1994). The recombinant DNA, containing a 12.5kb insert 
(λU23cc2), was analyzed by restriction mapping, and its nature was confirmed by 
Southern blot using the U23' probe. The resulting 4.0kb, 3.0kb, 2.0kb, 2.0kb and 
1.5kb Sac I fragments were subcloned (pGNUC4, pGNUC3, pGNUC2, pGNUC68, 
pGNUC1.5) in pBluescript KS+ (Stratagene, USA) and sequenced.  
Genomic Southern analyses  
Carp genomic DNA (30mg) was digested with Hind III, Pst I and Sac I restriction 
enzymes, fractionated in a 0.8% agarose gel, blotted onto nylon membrane 
Immobilon-Ny+ (Bedford, USA) and covalently cross-linked by UV irradiation. The 
membrane was hybridized with a 32P-labeled probe, corresponding to the U23 
snoRNA, using the manufacturer-recommended conditions. After overnight 
hybridization at 42°C, the membrane was washed twice with 2x SCC 0.1% SDS for 
15 min at room temperature, followed by two washes, each with 1x SCC 0.1% SDS, 
0.5x SCC 0.1% SDS at 42°C, and 0.1x SCC 0.1% SDS at 65°C. Membrane was 
briefly blot-dried and autoradiographed with intensifying screens.  
Rapid amplification of cDNA ends (RACE)  
A partial nucleolin cDNA clone of carp (pFNUC) was obtained from the screening of a 
carp liver cDNA library (Álvarez et al., 2003). The full-length 5'-region, including the 
transcription start site, was obtained using the Firstchoice RLM-RACE Kit (Ambion, 
USA). The gene-specific primers utilized for nested PCR reactions were NUCext (5'-
cctcgtcttcttcagattcc-3') and NUCint (5'-cttcgcgttcaccattcctg-3'). The 5'RACE RT-PCR 
products (783bp and 616bp) were cloned into the pGEM-T-Easy vector (Promega, 
USA), and both clones were fully sequenced (pcNUC1 and pcNUC2, respectively). 
cNUC1 completes the 5'-region of pFNUC, and the cNUC2 sequence represents a 
different nucleolin cDNA. The full-length 3'-region of cNUC2 was obtained by 3' RACE 
using the gene-specific primers J1ext (5'-aggaggacgaggaagatgac-3') and J1int (5'-
gatgatgatggaagaggagat-3'), cloned into pGEM-T-Easy vector (Promega, USA) and 
sequenced.  
Analyses of carp nucleolin sequences  
The nucleotide sequence homology was searched in the GenBank database by using 
BLAST. Program ClustalX (Thompson et al., 1997) allowed the comparison of 
nucleotide and deduced amino acid sequences through the use of the multisequence 
alignment. The evolution distances were used to construct a phylogenetic tree by 
the neighbor-joining method (NJ) provided by the ClustalX program according to 
Saitou and Nei (1987). The sequences considered for these analyses were the 
following:  
 
RESULTS  
The sequence analyses of the 12.5kb insert of genomic clone λU23cc2 showed that 
it contains the full length of a carp nucleolin gene, which spans approximately 8.8kb 
(Fig 1). The sequence was deposited in GenBank, Accession N° AY330169. In 
addition, we cloned two PCR products of 783bp and 616bp, respectively, containing 
the 5'-end of two different nucleolin cDNAs from carp liver RNA. The longer amplicon 
(783bp) fulfils the sequence of a partial cDNA clone, named cNUC1, which codes for 
a 693 aa protein (GenBank Accession N° AY166587), isolated from a carp liver cDNA 
library, which we described previously (Álvarez et al, 2003). The 616bp PCR product 
was completed by 3' RACE experiments, and we confirmed that it corresponds to a 
second carp nucleolin cDNA (cNUC2), which spans for 2,619bp and codes for a 
derived protein of 643 residues (GenBank Accession N° AY330167). Comparison 
analysis demonstrated 86% of homology between cNUC1 and cNUC2 cDNAs, thus, 
we used both sequences to derive exon/intron organization at the carp nucleolin 
gene. From the genomic clone, we derived a third nucleolin cDNA sequence, 
denominated cNUC3, with a 88% and 97% identity with cNUC1 and cNUC2, 
respectively, that codifies for a protein of 637 amino acids (GenBank Accession Nº 
AY330168).  
This carp nucleolin genomic sequence is organized in 16 exons codifying for an 
mRNA that spans for 2,595nt (Fig 1). The exon/intron organization boundaries 
follow the GT-AG rule, starting with GT at the donor site and ending with AG at the 
acceptor site (Table I), preceded by a polypirimidine tract (Mount, 1982). All introns 
contain a potential acceptor site for the intermediate lariat formation, located 
upstream from the 3' splice site (Ruskin and Green, 1985). Introns 1 and 2 
correspond to phase 0; introns 3-7, 9, 11, 13, and 15 to phase I, and introns 8, 10, 
12, and 14 are phase II splice type (Rogers, 1985).  
 
 
The organization of the 5'-untranslated region and the position of the first 
translating exon were determined by comparison of genomic clone λU23cc2 
nucleotide sequence together with cDNAs sequences of cNUC1 and cNUC2. This 
genomic clone contains the full length of the codifying region of nucleolin and 319bp 
from the promoter region, where the putative start site was predicted (Fig 2). In this 
region, an atypical TATA box (TAAAA) is located at _29 from the +1 site; three G/C 
boxes at _52, _65, _235; and three pyrimidine-rich nucleotide stretches at the 
positions _229 to _211, _185 to _163, and _11 to +3. CAAT consensus sequences 
are not evident in the analyzed region. The GC boxes at _52 and _65 are potential 
binding sites for the transcription factor Sp1. The pyrimidine-rich stretch located at 
_11 to +3 includes the putative +1 site, similar to the mouse nucleolin gene 
organization (Bourbon et al., 1988b). In addition, we identified numerous potential 
transcription factors binding sites at the promoter region, like GATA, Myc, Mef-2, 
LSF, and ERE (Fig 2). The first exon contains 87bp from the non-translated 5'-end 
and the coding region for the first 6 amino acids, starting at the ATG codon. Exons 2 
to 6 codify for 5 acidic domains, exon 7 contains a bipartite nuclear localization 
signal, and four RNA binding domains (RBD) are codified for exons 8 to 15. The 3'-
end of exon 15 and the 5'-end of exon 16 codify for the acidic glycine/arginine-rich 
(GAR) domain (Fig 1).  
One distinctive attribute of nucleolin genes is that some of the introns encode for 
different snoRNAs. In mammals, intron 5 hosts the sequence of U82, intron 11 for 
U20, and intron 12 for U23 snoRNA, respectively (Rebane and Metspalu, 1999; 
Nicoloso et al., 1994; Ginisty et al., 1999). Because carp nucleolin gene contains 16 
exons compared to 14 in mammals, carp snoRNAs sequences are codified in 
different localization, U82 at intron 7, U20 at intron 9, and U23 at intron 14, 
respectively (Fig 3). The derived primary structure and length of carp U82 snoRNA 
(GenBank Accession N° DQ133600) is highly conserved when compared with other 
species, we identified the consensus elements C, D and D' boxes that perform the 
2'-O-methylation of precursor rRNA (Rebane and Metspalu, 1999; Bachellerie and 
Cavaille, 1997; Kiss, 2001). Derived carp U20 snoRNA (GenBank Accession 
N° DQ133601) is 10 nucleotides shorter (71nt) than in mammals (81nt), and 
putative C and D boxes are distinguishable (Fig 3). Sequence comparison analysis of 
carp and mammals U20 snoRNA coding regions shows that the carp-derived 
sequence is conserved at the 5'-and 3'-ends and in the central area (Nicoloso et al., 
1994). 
 
 
   
At carp rDNA cistron sequence (GenBank Accession N° AF133089; Vera et al., 
2003), we identified complementary regions between U82 and U20 snoRNAs with 
18S rRNA, which could potentially be 2'-O-methylated (Bachellerie et al., 1995). 
Figure 4 shows two complementary regions, span 12 and 11nt, between carp 18S 
rDNA and both snoRNAs with adenine in position 1673 and uracil in position 1798 
being potentially 2'-O-methylated in carp 18S rRNA, by U82 and U20 snoRNA, 
respectively. 
When we performed PCR using carp genomic DNA and primers derived from carp 
U23 snoRNA (GenBank Accession N° AJ009731), we isolated an amplicon which 
differs in two nucleotides with the sequence previously reported, deposited as carp 
U23 snoRNA (GenBank, Accession N° DQ133602). Both carp U23 snoRNA codifying 
sequences are well conserved regarding other species, and boxes H and ACA are 
easily distinguished, consistent with pre-rRNA pseudouridilation function (Ginisty et 
al., 1999; Kiss, 2001).  
Genomic analyses by Southern blot, using the promoter region of the genomic clone 
as a probe, identified four or more hybridization bands (Fig 5). These results 
strongly suggest that there are at least four genes coding for carp nucleolin in carp 
genome.  
 
Figure 4: Complementary sequences between snoRNAs and 
18S rRNA in carp fish. Complementary nucleotides: A) 
between U82 snoRNA and 18S rRNA and B) between U20 
snoRNA and 18S rRNA, respectively. Arrows indicate adenine 
(A) in position 1673 and uracil (U) in position 1798 of 18S 
rRNA, which could be methylated.  
   
 Figure 5: Carp genomic Southern blot analyses. 30mg of carp 
genomic DNA were digested with the restriction enzymes Pst 
I, Sac I and Hind III and hybridized with a probe that contains 
the 5'-region of cNUC2 clone. Asterisks show the positive 
hybridization signals, numbers indicate the size of DNA 
fragments (kb).  
The nucleotide sequence comparison analysis of the three carp nucleolin cDNA, 
using ClustalX program (Thompson et al., 1997) showed 97% homology between 
cNUC2 and cNUC3, 88% between cNUC1 and cNUC3, and 86% homology between 
cNUC1 with cNUC2, respectively. Amino acid-derived sequence comparison of the 
three carp nucleolin cDNAs shows that cNUC2 and cNUC3 share 84% and 85% 
identity with cNUC1 respectively (Table II). All three carp protein sequences display 
the classical tripartite domain distribution of nucleolin, involving several acidic 
regions at the amino end, four central RNA-binding domains, and the GAR domain at 
the C-terminus. Nevertheless, cNUC2 and cNUC3 differ from cNUC1 because both 
contain five acidic regions at the N-terminal domain instead of six regions contained 
by cNUC1 (Fig 6A). Figure 6B shows the sequence alignment of carp nucleolin amino 
acid sequences with those of other vertebrate species, using ClustalX (Thompson et 
al., 1997). The three carp nucleolin protein sequences exhibit approximately 50% of 
identity with mammals (human, rat, mouse and hamster) and birds (chicken), 55-
58% with amphibians (Xenopus laevis), reaching up to 78-81% with zebra fish 
(Table II). The higher degree of conservation entails the GAR domain (98 to 70%) 
and ribosomal binding domains, RBDs (94 to 60%). On the basis of the evolutionary 
distances, a phyilogenetic tree was constructed by the NJ method (neighbor-joining) 
provided by the ClustalX software according to Saitou and Nei, (1987) (Fig 6C).  
  
DISCUSSION  
Since it was identified by Orrick (1973), nucleolin has been associated with several 
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